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Inhibition of Bound Enzymes. I. Antienergistic Interaction of 
Chemical and Diffusional Inhibition7 

Jean-Marc Engassed and Csaba Horvath* 

ABSTRACT: When the diffusion of the substrate to bound en- 
zymes is relatively slow the substrate concentration is lower in 
the microenvironment than in the macroenvironment and the 
resulting reduction in the enzyme activity is referred to as dif- 
fusional inhibition. On the other hand, an inhibitor, which re- 
duces the enzyme activity per se, attenuates the magnitude of 
diffusional inhibition. Because of this antienergistic interaction 
between chemical and diffusional inhibition the activity of the 

T h e  inhibition of enzymes has been extensively treated in the 
literature (Webb, 1963) because inhibitors are valuable tools in  
the biological sciences for the study of isolated enzymes and of 
the various aspects of cellular metabolism. They also play a 
well-established regulatory role in  living systems. Most studies 
have been concerned with the inhibition of enzymes in free so- 
lution and little attention has been paid to the action of inhibi- 
tors on enzymes i n  heterogeneous media. The cellular milieu, 
however, is compartmented and most enzymes are  embedded in 
or bound to membranes (Greville, 1969; Lehninger, 1970). In 
such heterogeneous systems the rate of the reaction is usually 
attenuated by the relative slowness of the substrate diffusion to 
the enzyme (Engasser and Horvath, 1973) and this phenome- 
non is referred to as diffusional inhibition. As a result the ef- 
fect of an inhibitor on the enzymic reaction, i t . ,  chemical inhi- 
bition, in heterogeneous media manifests itself in a way differ- 
ent from that i n  a free solution where diffusional resistances 
are  negligible. 

In this study the interplay between diffusional and chemical 
inhibition is treated quantitatively. Both external and internal 
diffusion resistances are considered (Horvath and Engasser, 
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bound enzyme a t  steady state is less affected by an  inhibitor in 
the presence than in the absence of diffusion limitations for the 
substrate. As diffusional inhibition frequently occurs in  hetero- 
geneous enzyme systems, the antienergism has to be taken into 
account when the action of inhibitors is considered on enzymes 
artificially immobilized or bound to membranes in the cellular 
milieu. 

1974), and it is assumed that the noncompetitive inhibitor is 
neither a substrate nor a product of the enzymic reaction. The 
results shed light on the inhibition of naturally and artificially 
immobilized enzyme systems. 

Theoretical Analysis 

Inhibition with External Diffusion Resistance. When the 
enzyme is attached to a surface and the substrate is transport- 
ed from the macroenvironment to the enzyme through an “un- 
stirred layer” of liquid or across a membrane, the external dif- 
fusion resistance in the nonreactive medium may result in  a de- 
pletion of the substrate a t  the enzymic surface. Then the sur- 
face concentration of the substrate in the microenvironment of 
the bound enzyme, [So ] ,  is lower than that in the macroenvi- 
ronment, [SI. 

For Michaelis-Menten kinetics the rate of enzymic reaction, 
v,  with noncompetitive inhibition is given by 

where V,,, is the saturation rate in the absence of the inhibi- 
tor, [ I ]  is the concentration of the inhibitor, and K M  and K I  are  
the Michaelis constant and inhibition constant, respectively. I t  
is assumed that the inhibitor concentration is uniform through- 
out the system. 

In most cases the transport of substrate to the reactive sur- 
face can be expressed by the product of a transport coefficient, 
h,, and the driving force given by the difference between the 
substrate concentration in the macro- and the microenviron- 
ment, ([SI - [So]). At steady state both the consecutive trans- 
port and consumption of the substrate by the chemical reaction 
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FIGURE I :  Graph illustrating the effect of a noncompetitive inhibitor 
on the activity of bound enzymes with external diffusion of the sub- 
strate. The efficiency factor, VI, which expresses the combined effect of 
chemical and diffusional inhibition, is plotted as a function of the nor- 
malized inhibitor concentration, [ I ] / K [ ,  at  different values of the sub- 
strate modulus, p, i . e . ,  at  different magnitudes of the external diffusion 
resistance. 

proceed a t  the same rate so that 

By defining a dimensionless substrate concentration, /3, as 

P = [SI/K, 
and the dimensionless substrate modulus, p,  in the absence of 
an inhibitor as 

iJ. = V,,x/hsK~ (4 1 

( 5 )  

eq 2 can be written i n  dimensionless form as 

PO P - P @ =  
c1 + ([Il/KI)1[1 + Pol 

In order to analyze the interaction between chemical and dif- 
fusional inhibition, first the surface concentration is evaluated 
by eq 5 ,  then the enzymic activity is calculated according to eq 
I for different values of the substrate concentration, /3, the 
modulus, p ,  and the dimensionless inhibitor concentration. 

Efficiencj Factor. The combined effect of chemical and dif- 
fusional inhibition is conveniently expressed by the efficiency 
factor with inhibition, 1 1 ,  which is defined as the ratio of the ef- 
fective enzymic activity, v, to the activity of the enzyme in the 
absence of both kinds of inhibition. Then the following rela- 
tionship holds. 

[IIIKI. 

1 '  = ?71~'Inax[sl/~KM + [SI) ( 6 )  
I n  the absence of diffusional inhibition the efficiency factor 

is simply given by [I + ( [ l ] / K l ) ] - i ,  as seen from eq I .  Thus, 
the magnitude of the chemical inhibition is expressed by the 
factor [I + ([I]/K1)]. 

On the other hand, in the absence of chemical inhibition 71 is 
equal to the so-called effectiveness factor, 7 ,  which has been 
extensively treated in the literature (Aris, 1969). Under such 
conditions a t  a given substrate concentration, [SI,  the magni- 
tude of the diffusional inhibition is expressed by the factor 1 / q  
and has been shown to be dependent only on the substrate mod- 
ulus. p (Horvath and Engasser, 1974). Then the value of p. 

which is defined in eq 4 as the ratio of the first-order rate con- 
stant of the enzymic reaction to the substrate transport coeffi- 
cient, determines the relative contributions of the transport and 
kinetic parameters to the effective reaction rate. At small 
values of p ( p  < O . l ) ,  the inherent enzymic activity at  the sur- 
face is sufficiently low or the inherent transport rate of the sub- 
strate is sufficiently fast to prevent any significant depletion of 
substrate a t  the surface so that no diffusional inhibition occurs 
and 7 is close to unity. At very large values of p the surface is 
so active that [SO] approaches zero. Under these conditions the 
activity of the bound enzyme is practically equal to the maxi- 
mum rate of molecular and convective diffusion o f  the sub- 
strate and essentially independent of the kinetic parameters of 
the enzymic reaction. Then the effectiveness factor is i n  effect 
inversely proportional to p.  

When both chemical and diffusional inhibition occur the ef- 
ficiency factor depends on both p and [ I ] / K l .  The combined ef- 
fect of chemical and diffusional inhibition is shown i n  Figure I. 
where 71 is plotted as a function of [I]/Kl for different values 
of p a t  $ = 1 .  At a constant /3 the variation of 71 also represcnts 
the variation of the enzymatic activity since the rate of reaction 
is proportional to 71 as seen from eq 6. The curve for p 5 0.1 i n  
Figure I shows the intrinsic dependence of the enzqmic activit) 
on the dimensionless inhibitor concentration. [ I ] / K l .  because 
a t  such low values of p diffusional inhibition is absent. At high- 
er values of p,  that  is, with increasing diffusional inhibition. the 
overall activity decreases less with increasing inhibitor concen- 
tration and at p = 50, the activity is practically independent of 
[ I ] / K l ,  a t  least i n  the domain investigated. Consequently. a t  
high inhibitor concentrations, the different curves converge to 
that obtained in the absence of substrate depletion. 

Antienergism and Effective Substrate Modulus. Figure I 
clearly shows that when chemical and diffusional inhibition ;ire 
acting simultaneously, their combined effect i n  decreasing the 
rate of reaction is smaller than the sum of the effects that 
would be obtained if  the two inhibition phenomena were acting 
independently. This antienergism. which is the opposite o sqn- 
ergism. can be qualitatively interpreted as follow5. Substrate 
depletion a t  the enzymic surface occurs when the inherent dif- 
fusion rate is slow with respect to the inherent enr! niic activi- 
ty. An enzyme inhibitor that  decreases the inherent enqn i i c  
activity also reduces the relative slouness of substrate trans- 
port. Thus chemical inhibition i n  heterogeneous enzqnie 
tems can be characterized by two antagonistic effects acting j i b  
multaneousl) on the rate of reaction: the decrease of the inher- 
ent enzyme activity and the reduction of the degree of diffu- 
sional inhibition. 

This antienergistic interaction is quantitativel) cupreshed bq 
introducing the effective substrate modulus, p ~ .  v, hich has the 
same physical meaning for the chemically inhibited system as 
that of p i n  the absence of a n  inhibitor. Since the maximum 
rate of the enzymic reaction is reduced bi  the factor [ I  + 
( [ l ] / K l ) ]  i n  the presence of a noncompetitive inhibitor the c1'- 
fective substrate modulus, in view of eq 4.  is defined bq 

( 7 )  ii 
= 1 + ( [ I l k I )  

Equation 7 shows that an enzyme-inhibitor reduces the cffec- 
tive substrate modulus, and consequently the relative magni- 
tude of diffusional inhibition. At sufficiently large inhibitor 
concentrations diffusional inhibition vanishes M hen p~ becomes 
smaller than 0.1. 

It is noted that a t  high values of p ,  as shown in Figure I for .LI 

= 50, the effective enzymic activit) is unaffected bq the in- 
creasing inhibitor concentration. This insensitivit!, of  ;i systcm 
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with high transport resistances to chemical inhibition is due to 
the fact that  when 111 is large the magnitude of diffusional inhi- 
bition is proportional to ~1 for all practical reasons, therefore, 
inversely proportional to [ 1 + ( [ I ] / K l ) ] .  Since the magnitude 
of chemical inhibition is equal to this quantity the two kinds of 
inhibition cancel out each other. 

Inhibition with Internal Diffusional Resistance. When en- 
zymes are embedded i n  a porous medium like a membrane or 
cross-linked to form an insoluble protein the substrate has to 
diffuse from the surface into the enzymic medium in order to 
react a t  the catalytic sites. Under such conditions diffusion and 
chemical reaction are taking place in parallel and as a result 
the mathematical treatment of the overall reaction is more 
complex than for external transport when diffusion and reac- 
tion occur i n  series (Aris, 1969). 

A previous study (Engasser and Horvath, 1973) has shown 
that i n  the absence of chemical inhibition the extent of dif- 
fusional inhibition depends, a t  a given substrate macroenviron- 
mental concentration, on the pertinent substrate modulus, $, 
defined as 

6) = z(Vmax”’/KMDs)l’2 (8) 
where I is the membrane thickness, V,,,”’, the saturation reac- 
tion rate per unit volume of porous medium, and D, is the sub- 
strate diffusivity inside the membrane. The combined effect of 
chemical and diffusional inhibition is again expressed by the 
pertinent efficiency factor, 111, which is defined by eq 6. 

With internal diffusion the dependence of 111 on [I]/Kl is 
very similar to that with external diffusion, as shown in Figure 
2 for different values of $ a t  p = 1 .  Due to the antienergistic 
interaction between the two types of inhibition the increasing 
inhibitor concentration has a smaller effect on the overall ac- 
tivity when diffusional inhibition occurs a t  4 > 1 than in its ab- 
sence a t  $ I 1 .  The inhibitor not only reduces the inherent ac- 
tivity of the enzyme by a factor of [ I  + ([I]/Kl)], but also di- 
minishes the extent of substrate depletion, which is convenient- 
ly characterized for internal diffusion by $1, the effective sub- 
strate modulus. It is given by 

d ) I  = @/[I + ([II/KJ1’2 (9) 
The physical significance of ~ $ 1  is analogous to that of pI given 
in eq 7. 

In contrast to the external diffusion controlled reaction the 
enzymic activity decreases with increasing inhibitor concentra- 
tion even a t  large values of 4. Comparing the denominators in 
eq 7 and 9 one can easily explain this result in view of the pre- 
vious discussion. 

Discussion 

The preceding analysis has demonstrated that the overall ac- 
tivity of a bound enzyme is less affected by a noncompetitive 
inhibitor i n  the presence than in the absence of diffusional re- 
sistances for the substrate. This phenomenon has been ex- 
plained by the antienergistic interplay of diffusional and chem- 
ical inhibition, that is, by the attenuation of the magnitude of 
the diffusional inhibition in the presence of an enzyme inhibi- 
tor. The concept is not restricted to noncompetitive inhibitors 
but is applicable to all kinds of inhibitors and even to enzyme 
denaturation (Ollis, 1972). Its practical consequences can be 
far reaching with regard to both immobilized enzyme technolo- 
gy and cellular physiology. 

For example, Carlsson et al. (1972) found that the rate of 
hydrolysis of A’-acetyl-L-tyrosine ethyl ester by chymotrypsin 
immobilized on Sephadex particles was inhibited by N-acetyl- 
D-tryptophan and N-acetyl-D-tryptophan methyl ester to a 
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FIGURE 2: Graph illustrating the effect of a noncompetitive inhibitor 
on the activity of bound enzymes with internal diffusion of the sub- 
strate. The efficiency factor, V I ,  which expresses the combined effect of 
chemical and diffusional inhibition, is plotted as a function of the nor- 
malized inhibitor concentration, [ I ] / K l ,  at different values of the sub- 
strate modulus, #, Le., at different magnitudes of the internal diffusion 
resistance. 

markedly lesser extent than both the soluble and solubilized 
chymotrypsin-Sephadex conjugates. Similar results were re- 
ported for the inhibitory effect of benzamidine on the hydroly- 
sis of N-benzoyl-L-arginine ethyl ester by trypsin bound to Se- 
phadex. The curves presented by the authors for the depen- 
dence of the enzyme activity on the inhibitor concentration are 
similar to those shown in Figures 1 and 2 and demonstrate the 
antienergism of diffusional and chemical inhibition. 

The magnitude of both inhibition and denaturation of bound 
enzymes may be underestimated by the experimentator when 
the measured rate of reaction is significantly affected by diffu- 
sion, and both phenomena may be completely masked in the 
case of strong diffusional resistances. It is therefore advisable 
to establish experimentally that diffusion limitations do not af- 
fect the rate of reaction with the heterogeneous enzyme system 
under investigation before any statement is made about the ef- 
fect of chemical inhibition or the stability of the bound en- 
zyme. As shown earlier (Horvath and Engasser, 1974), the 
Eadie-Hofstee types of plots are particularly useful for the di- 
agnosis of external or internal diffusional resistances. 

The antienergism between diffusional and chemical inhibi- 
tion described in this study applies also to living systems, pro- 
vided the magnitude of diffusion resistances is sufficiently 
large. The attenuating effect of “unstirred layers” on the rate 
of uptake of different species across biological membranes has 
been well established (Naftalin, 1971; Wilson et al., 1971; 
Hersey and High, 1972; Zander and Schmid-Schonbein, 
1972). Very little is known, however, about the magnitude of 
intracellular diffusional resistances and their role in metabolic 
processes. Therefore the importance of diffusional effects on 
enzymic reactions in the cellular milieu has to be approximated 
by estimating the range of possible values of the substrate mod- 
ulus. 

We  assume a monolayer of enzyme molecules of 50 A in di- 
ameter, having a turnover number and K M  of 100 sec-’ and 

M ,  respectively. Then the saturation rate per unit area is 
mol sec-I, in agreement with previous calculations 

(Shuler et al., 1973). I f  the substrate has to diffuse a distance 
of 100 nm through a stagnant liquid, in which the diffusivity is 

cm2 sec-I, the value of h, is calculated as 0.1 cm sec-I. 

B I O C H E M I S T R Y ,  V O L .  1 3 ,  N O .  1 9 ,  1 9 7 4  3847 



E N G A S S E R  A k D  H O R V A T H  

These data yield a value of for p. With the above quan- 
tities which are representative of actual physiological condi- 
tions, it appears that there is no diffusional inhibition due to 
the slowness of substrate diffusion i n  the aqueous cellular fluid, 
i f  the diffusivity is greater than 

Nevertheless external diffusion limitations can play a signifi- 
cant role when the substrate has to diffuse across a membrane 
to the bound enzyme. Literature data (Davson and Danielli. 
1952) indicate that in biological membranes the permeability 
coefficients of undissociated small molecules range from 10-6 
to cm sec-' and the permeability of large and ionized 
molecules is even smaller. Since the permeability coefficient is 
equivalent to h,, the transport coefficient used in this study, the 
previous set of kinetic parameters yields p = 1 for h, = IO--' 
cm sec-I. As the membrane permeability coefficient is often 
several orders of magnitude smaller than cm sec-I, the 
actual value of p can be much greater than unity. Therefore. 
diffusional inhibition is indeed a factor to be considered in cel- 
lular physiology. 

The results of the theoretical analysis clearly demonstrate 
that great caution has to be exercised when the effect of an in- 
hibitor on an enzyme in its natural environment is inferred 
from experiments with the enzyme in free solution. Further- 
more they also suggest that consideration be given to the possi- 
ble interaction of diffusional and chemical inhibition in studies 
concerned with the regulatory mechanisms of metabolic pro- 
cesses. 

Appendix I 

Micro- and Macroenvironment of the Bound Enzyme. When 
an enzymic reaction takes place in a well-stirred homogeneous 
solution the concentration of all species is uniform throughout 
the system. This is generally not the case when the enzyme is 
bound to a solid structure, such as a membrane. 

First, ion-ion, polar, and nonpolar interactions of the various 
species with the enzyme support may lead to nonuniform con- 
centration. Second, concentration gradients may be established 
by the relatively slow diffusion of the reactants and products to 
and from the bound enzyme, respectively. As a result, the nii- 
croenvironment, i.e., the immediate vicinity of the bound en- 
zyme, may have a different composition with respect to those 
species which influence the rate of reaction than that of the 
system a t  a certain distance away from the bound enzyme, i.e.. 
the macroenvironment. 

When the behavior of heterogeneous enzyme systems is in-  
vestigated in virro the stirred aqueous solution containing the 
bound enzyme constitutes the macroenvironment. Although 
the'enzyme activity is determined by the local concentrations 
of the different species in the microenvironment, the respective 
concentrations are usually measured in the bulk solution, i . e . .  
i n  the macroenvironment. On the other hand, i n  the cellular 
milieu the substrate may have to diffuse across a membrane to 
the bound enzyme. Then the substrate concentration i n  the mi- 
croenvironment can be different from that in the niacroenvi- 
ronment, i.e., a t  the other side of the membrane which is ex- 
posed to the source of the substrate. 

I n  the present study the effect of diffusion resistances in the 
surrounding solution or membrane on the rate of the enzymic 
reaction a t  steady state is investigated. Therefore concentration 
differences between the micro- and macroenvironment have to 
be considered only for those species which are produced or con- 
sumed in the reaction. 

Appendix I f  

cm2 sec-I. 

Effective and Inherent Rates. The transport of the substrate 

from the macro- to the microenvironment and the consumption 
of the substrate in the reaction catalyzed by a surface bound 
enzyme take place consecutively and, a t  steady state, proceed 
a t  the same rate. This effective rate of the reaction depends 
both on the mass transport coefficient for the substrate, h,, and 
the kinetic parameters of the reaction, V,,, and K v .  The ef- 
fective rate is usually more strongly influenced by the parame- 
ters of one process than by those of the other. In order to inter- 
pret this dependence it is convenient to define two inherent 
rates characteristic for the two steps involved. (a)  The inherent 
rate of the reaction or the inherent enzyme activity, Vkln, is de- 
fined as the reaction rate which is solely determined by the ki- 
netic parameters of the enzymic reaction and the concentration 
of the substrate in the macroenvironment, [SI, and Nould be 
obtained if  the diffusion of the substrate was infinitely fast 
Thus, in the case of noncompetitive inhibition 

(b) The inherent rate of combined molecular and convective 
diffusion of the substrate, Vdlff, is defined as the rate which is 
solely determined by the transport coefficient and the ma- 
croenvironmental concentration and would be obtained if  the 
enzyme activity was infinitely high. Thus, Vdlff  = h , [S] .  

The effective rate of the surface reaction is more influenced 
by that process which has the lower inherent rate. I n  the limit, 
when one of the inherent rates is much smaller than the other 
the effective rate is practically equal to the lower inherent rate. 
tinder such conditions, i t  is convenient to distinguish between 
kinetically controlled reaction, which proceeds with a rate 
equal to V k i n ,  and diffusion controlled reaction, which proceeds 
with a rate equal to Vdjff. I n  free solution diffusional resis- 
tances can be neglected and the measured rate of enzymic 
reaction is equal to Vk,,,. 

In  heterogeneous systems, however, the possibility of dif- 
fusional resistances has always to be considered. In  this study 
the interaction of diffusion and reaction has been quantified by 
the substrate modulus, P I ,  which is equal to Vk,"/ V&rf when [SI 
is smaller than K v .  that is, the enzymic reaction is first order. 
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Product Inhibition and Accumulation? 

Jean-Marc Engasser* and Csaba Horvath* 

ABSTRACT: Diffusion resistances cause not only substrate de- 
pletion but also product accumulation in the microenvironment 
of bound enzymes. As a result product inhibition is more pro- 
nounced in the presence than in the absence of diffusional limi- 
tations a t  a given product concentration in the macroenviron- 
ment. The antienergistic interaction between chemical and dif- 
fusional inhibition, however, makes the activity of bound en- 
zymes less sensitive to changing product concentration in the 

T h e  inhibition of bound enzymes by a substance which is nei- 
ther a substrate nor a product of the reaction has been treated 
in the preceding paper (Engasser and Horvath, 1974a). I n  this 
study the effect of product inhibition is investigated. 

Many enzymes are inhibited by the product of the reaction 
and this feedback regulation is assumed to play a fundamental 
role i n  the control of biological systems. Therefore, product in- 
hibition of enzymes in free solution has been extensively treat- 
ed in the literature (Webb, 1963). In  heterogeneous enzyme 
systems, however, diffusional resistances can give rise to both 
substrate depletion and product accumulation in the immediate 
vicinity of the enzyme. Since the degree of inhibition depends 
on the concentration of both the product and the substrate in 
the microenvironment, the product inhibition of naturally or 
artificially bound enzymes is more complex than that of en- 
zymes in free solution (Goldman et al., 1968a). 

The following analysis encompasses the quantitative treat- 
ment of the combined effect of substrate depletion and product 
accumulation i n  the microenvironment on the kinetic behavior 
of bound enzymes. The results are presented in graphical form 
in order to facilitate the recognition of such phenomena from 
experimental data.  

Theoretical Analysis 

Product Accumulation and Inhibition. I n  the simplest case a 
heterogeneous enzyme reaction takes place a t  a surface covered 
with bound enzyme molecules. Both the substrate and the 
product diffuse to and from the surface through a nonreactive 

macroenvironment. The interplay between various types of 
product inhibition and diffusion resistances is illustrated by 
plots of the reaction rate against the ratio of the rate and the 
macroenvironmental substrate concentration. Combined dif- 
fusional and product inhibition can significantly affect the ki- 
netic behavior of immobilized enzyme systems and the magni- 
tude of feedback inhibition in cellular metabolism. 

membrane or the surrounding liquid. The overall reaction con- 
sists of the following three steps. First the substrate is trans- 
ported to the catalytic surface, i.e., the microenvironment. 
Then the substrate is converted into product and finally the 
product is transported to the macroenvironment of the enzyme, 
which is often the bulk solution i n  practice. 

I f  the reaction follows the Michaelis-Menten scheme and 
the product is a competitive inhibitor that  only affects the KM 
of the reaction, the rate of the enzymic reaction, v, is expressed 
by 

where K, is the product inhibition constant, [SO] and [PO] are  
the concentrations of the substrate and product a t  the surface, 
respectively. 

The rate of external transport of each species can be ex- 
pressed as the product of the corresponding transport coeffi- 
cient and the driving force. The latter is given by the concen- 
tration difference between the macro- and the microenviron- 
ment of the enzyme. At steady-state substrate transport, enzy- 
matic reaction and product transport must proceed a t  the same 
rate so that 
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where [SI and [PI are the concentrations i n  the macroenviron- 
ment, and h,  and h,  are the transport coefficients of the sub- 
strate and the product, respectively. Introducing a dimension- 
less substrate concentration 

P = [SI/KM (3  1 
the substrate modulus without inhibition, p, which expresses 
the diffusion resistance for the substrate 

I-L = J ’ m a , / h , K ~  (4) 


